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occur within the same area. The potential 
transformation of both processes (erosion and 
landsliding) in flow-like mass movements 
(Hutchinson 2004) is outside the scope of this 
paper, but it has been discussed in the recent 
literature (Cascini et al. 2013b). 

For any type of slope instability, rainfall 
infiltration and runoff generation are important 
processes, which strongly depend on the slope 
angle, rainfall intensity and duration, soil initial 
conditions, hydraulic and mechanical properties of 
soils, as discussed by Cuomo and Della Sala (2013). 
Moreover, high rainfall intensity and slope angles 
cause high sediment concentrations as recorded in 
flume experimental tests in Hu et al. (2013). For 
unsaturated soils, which are widespread in 
Mediterranean Countries, the difference between 
the air pressure (ua) and the pore water pressure 
(uw) is commonly defined as matric suction 
(Fredlund et al. 1978), also simply named as soil 
suction; it will be referred as ua-uw later on. The 
suction affects the soil conductivity and volumetric 
water content as commonly described through the 
so-called Soil Water Characteristic Curves (SWCCs). 
The suction increases the effective stresses acting 
on the solid skeleton of the soil, thus reducing the 
chances for different types of slope instability and 
even preventing any instability. The suction also 
increases the soil shear strength by adding a 
suction-proportional term according to Fredlund et 
al. (1978). Experimental results and discussions 
about the important role of soil suction on the soil 
mechanical behaviour are reported in the literature, 
for instance, for the pyroclastic (air-fall) volcanic 
soils originated in Southern Italy by the Somma-
Vesuvius volcano (Sorbino and Foresta2002; 
Bilotta el al. 2005; Cascini et al. 2010; Cascini et al. 
2014). 

The superficial soil erosion affects the first 
centimeters of soil below the ground surface and 
can be distinguished in rainsplash erosion or 
overland flow erosion. The rainsplash erosion, i.e. 
the mobilization of solid particles due to the 
raindrops impacts, depends on the impact forces - 
which are related to the rainfall intensity, soil 
mechanical properties, topography, vegetation and 
land use. The rainsplash erosion is generally 
diffuse in a mountain basin. In addition, the 
overland flow erosion, i.e. the mobilization of solid 
particles due to overland flow, relates to flow 

velocity and to tangential and uplift forces applied 
to the ground surface by the water and solid 
particles driven by flow. The overland flow erosion 
may be diffused (sheet erosion) or localize either 
into rills, gullies (Tang et al. 2013) or channels 
(Merritt et al. 2003). Regardless of the triggering 
mechanism, estimates of the eroded soil thickness 
can be obtained either through physically-based 
models, which integrate mathematical equations 
describing the main processes for soil erosion, or 
empirical models - based on relationships derived 
from statistical analyses of data collected from field 
experiments. Physically-based models (e.g. LISEM 
model; Hessel and Jetten 2007; Cuomo et al. 2015) 
are usually applied to analyze the response of a 
single mountain basin (or a cluster of very few 
mountain basins), due to their large computational 
times. The empirical models are usually preferred 
over large areas as they can be easy implemented 
for limited datasets and they are particularly useful 
in first-step analyses aimed at identifying the 
source areas of soil erosion (Merritt et al. 2003). 
For this reason, an empirical quantitative model 
will be used in this paper to perform the superficial 
soil erosion analyses. 

The shallow landslides typically involves a 
some-meters-thick soil mass due to distinct 
triggering mechanisms (Cascini et al. 2008), 
related to specific hydraulic and static boundary 
conditions applied at the ground surface and/or at 
the bedrock contact (Cascini et al. 2010 2013a). 
The shallow landslides can be categorized as 
translational slides with reference to landslide 
classifications proposed by Hutchinson (1988) and 
Cruden and Varnes (1996). The failure onset of 
rainfall-induced shallow landslides is strictly 
related to the increase of pore water pressure 
(and/or decrease of soil suction in unsaturated 
slopes), and to the subsequent reduction of the 
mean effective stresses and shear strength. The 
failure stage of shallow landslides can be analyzed 
through either qualitative or quantitative models. 
The qualitative approaches are mostly used for 
ranking the susceptible areas based on the worst 
combinations of the predisposing factors and 
referring to the expert-judgment as well. The 
quantitative approaches deserve special 
consideration because pore water pressure increase 
(or soil suction decrease in unsaturated soils) and 
soil shear mobilization can be computed, and 
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amount of potential unstable mass evaluated. Most 
models compute the factor of safety for a DTM 
(Digital Terrain Model) cell-by-cell with acceptable 
computational times, even over large areas 
(Sorbino et al. 2007, 2010). In this paper, a 
quantitative physically-based model is used to 
analyze the potential onset of landslides. 

It is worth noting that current literature poorly 
addresses the cases whether superficial soil erosion 
and shallow landslides occur inside a same area. 
The principal scope of this paper is to propose a 
large-area analysis for two different types of slope 
instability, superficial erosion and landslide. Two 
separate but quantitative spatial-distributed 
analyses will be performed. Thus, it will be possible 
integrating the results achieved at any cell of the 
DTM. In addition to this novelty, the role of soil 
suction which relates to the meteorological seasons 
will be explicitly taken into account. This will be 
another added value of the paper to the current 
literature. 

1     Case Study 

The study area is the eastern part of the 
“Amalfi Coast” (Southern Italy) which is located 
along the Gulf of Salerno (Figure 1a), and has an 
extent approximately equal to 80 km2. This site is a 
UNESCO World Heritage Site for the beauty of its 
landscapes and picturesque villages, attracting for 
thousands of tourists every year.  

The Lattari Mountains are mainly composed of 
limestone, accumulated in the Mesozoic on a 
carbonate platform (data from Autorità di Bacino 

DestraSele 2012). There is evidence of strong 
(compressional) deformation during the Miocene 
and Quaternary ages, and the effects of modern 
tectonic movements are visible as nearly vertical 
outcrops of bedrock bounded by fault planes. 
Geomorphology of the site testifies to the 
occurrence of erosion-deposition cycles and high 
steep reliefs exist on the east side of the Coast 
(Figure 1a), up to 1444 m a.s.l. (San Michele 
mount), sloping towards the sea. Three main 
physiographic systems can be distinguished: i) 
steep carbonate hillslopes with several bedrock 
outcrops; ii) steep rectilinear channels; iii) colluvial 
valleys heavily modified by anthropogenic activities. 
Many funnel-shaped mountain basins exist in the 
study area, with a high order of drainage networks, 
steep stream channels and a preferential 
orientation from north to south. The outlets of the 
basins generally correspond to the urban areas of 
the main municipalities. In Figure 1a, the principal 
mountain basins (also named catchments, 
hereafter) are indicated, and the largest catchment 
(Reginna Maior) is 33 km2, with a stream channel 
10 km long, extending from Chiunzi mount (880 m 
a.s.l.) to the shoreline. It is also shown in Figure 1a 
with the slope angle map obtained by a 20m×20m 
DTM. The shape and location of the catchments 
with drainage area equal to or higher than 0.25 
km2, herein named “sub-basins”, are reported in 
Figure 1b. They were obtained through an 
automatic procedure available in a GIS platform 
(Calvello et al. 2012). As discussed by Calvello et al. 
(2013), the sub-basins can be used as terrain 
zoning units (TZUs). In this paper, the computed 
erosion soil thickness will be represented cell-by-

 
Figure 1a) Principal mountain basins of the study area and slope angle map derived from a 20 m × 20 m DTM 
(Digital Terrain Model); b) hillshade of the study area and sub-basins derived from the same DTM (Data from 
Autorità di BacinoDestraSele 2012). 
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cell or, alternatively, averaged over the 88 sub-
basins of Figure 1b. 

The prevailing soil types can be schematized as 
follows: i) on the ridges, pyroclastic deposits were 
derived from falling ashes, sands and pumices; ii) 
along the hillslopes, the deposits of pyroclastic soils 
and debris are prevalent and consist of 
ashes/pumices and carbonate clasts accumulated 
by colluvial processes; iii) in the valleys, loose 
fluvial deposits of angular gravels and pebbles are 
observed. 

The unsaturated shallow deposits of 
pyroclastic (air-fall) volcanic soils originated from 
the explosive eruptions of the Somma-Vesuvius 
volcano in southern Italy (Bilotta et al. 2005; 
Cascini et al. 2008; Cascini et al. 2010). 
Particularly, large amounts of pyroclastic materials 
were ejected into the atmosphere during the 
volcanic eruptions, transported by the prevailing 
winds and deposited in a very large area (about 
3000 km2), which also includes the “Amalfi Coast” 
(Cascini et al. 2014). Pyroclastic soils mainly 
consist of silty sands or sandy silts (ash soils) and 
coarse sands or sandy gravels (pumice soils). The 
details on the soil origin and later pedogenetic 
processes are provided by Guadagno et al. (2005), 
while an advanced soil mechanical characterization 
in saturated and unsaturated conditions is given by 
Bilotta et al. (2005). The pyroclastic deposits are 
susceptible to superficial soil erosion as discussed 
in recent contributions (Cascini et al. 2009; De 

Falco et al. 2011; Della Sala 2014).Furthermore, 
distinct triggering mechanisms of shallow 
landslides can occur (Cascini et al. 2008), mostly 
related to specific hydraulic and static boundary 
conditions applied at the ground surface and/or at 
the bedrock contact (Cascini et al. 2010, 2013a).  

The map of the soil thickness (Figure 2a) 
shows that: i) along the hillslopes, the soil deposits 
are generally less than 2 m thick; ii) at toe of 
hillslopes, the soil thickness may exceed 5 m. The 
land use of the study area (Figure 2b) consists of: i) 
forests, broad-leaved forest, mixed forests, natural 
grassland, Mediterranean scrub, transitional 
woodland scrub and sparsely vegetated areas, 
especially located in the upper part of hillslopes, ii) 
agricultural areas including olive groves and 
annual and permanents crops on gentle slopes. 

Climate information and the temporal-spatial 
distribution of critical rainfall in the region can be 
found in Cascini et al. (2014). For the sake of 
clarity, it is useful to note that the annual 
precipitation is generally about 1000 mm, the 
mean monthly temperature ranges from 10 to 25 
degrees; the dry season begins in June and finishes 
in September while the wet season lasts from 
October to May. 

Several rainfall-induced slope instabilities 
have occurred in the past (October 1899, 1910, 
1954, among others), with catastrophic 
consequences recorded in the villages located at the 
outlet of the basins. Most of the events occurred in 

 
Figure 2 a) Thickness of pyroclastic soil deposits (data from Autorità di BacinoDestraSele 2012); b) Landuse cover 
map: 111: continuously urbanized area, 112: discontinuously urbanized area, 123: harbour areas, 223: olive groves, 
241: temporary and permanent crops, 242: complex cultivation patterns, 243: agriculture and natural vegetation, 
3111: forests with prevalence of oaks and other evergreen broadleaf, 3112: forests with prevalence of deciduous oaks, 
3113: mixed forests with prevalence of other native broadleaf, 3114: forests with prevalence of chestnut, 31312: mixed 
forests of coniferous and broadleaf with prevalence of deciduous oaks, 3211: continuous grasslands, 3212: 
discontinuous grasslands, 3231: high mediterranean scrub, 3232: low Mediterranean scrub, 324: areas with forest 
and shrub vegetation in evolution, 333: sparsely vegetated areas (data from Corine Land Cover IV livello 2006). 
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October and January while the majority of fatalities 
were recorded in October and November (Cascini 
et al. 2009). Based on a comprehensive data-set 
about the past slope instabilities and soil suction 
measurements in pyroclastic soil deposits of the 
Campania region, Cascini et al. (2014) classify the 
temporal-spatial occurrence and the typology of 
slope instabilities. Particularly, the past events are 
categorized as: i) local, e.g. September 2010, 114.2 
mm of cumulative rainfall in 3 hours in 10 km2 or, 
ii) widespread, e.g. October 1954, 504 mm of 
cumulative rainfall in 8-16 hours in 80 km2. As far 
as the occurrence period and the slope instability 
type, a remarkable distinction is also proposed 
(Cascini et al. 2014). In September and October, 
(period 1 later on), the soil suction is 20-30 kPa 
and mostly erosion phenomena occur; in 
November and December, the soil suction is 10-20 
kPa (period 2), and both erosion phenomena and 
shallow landslides may occur; from January to May, 
the soil suction is lower than 10 kPa (period 3), and 
shallow landslides are triggered. Finally, from June 
to August, the soil suction is higher than 30 kPa 
(period 4), and only local erosion phenomena and 
small-size shallow landslides may be triggered.  

Among the most catastrophic past events, it is 
worth mentioning the slope instabilities occurred 
on 25-26 October 1954, which caused 325 fatalities 
and huge damages (Cascini et al. 2009) (Figure 3). 
While the effects of this event are well documented, 
major uncertainties concern: i) the rainfall features, 
as a 504 mm cumulative rainfall was registered in a 
uncertain time interval comprising between 8 and 

16 hours (Tranfaglia and Braca 2004; Cascini et al. 
2009; De Luca et al. 2010; Tessitore et al. 2011), ii) 
type of slope instabilities, as the distinction among 
eroded areas and landslides is unclear. As it 
concerns the latter issue, the available inventory 
map of slope instabilities (Figure 3) may also 
include areas where actually severe erosion 
processes occurred. Conversely, local erosion 
processes – which greatly contributed to the total 
discharge of sediments – may not be included in 
the map. Therefore, the type and genesis of slope 
instabilities that occurred on October 1954 are still 
controversial issues. 

The paper will analyse the October 1954 event, 
providing an explanation of this event and also a 
quantitative validation of the observations reported 
by Cascini et al. (2014), as far as the type and 
seasonal period for different slope instabilities.  

2    Superficial Erosion Analysis 

2.1  Methods and input 

The spatial distribution of superficial soil 
erosion and the amount of mobilized sediments are 
here analyzed through the Universal Soil Loss 
Equation (USLE) model (Wischmeier and Smith 
1978). Originally based on regression analyses of 
soil loss rates in US experiments, theUSLE model 
is widely used to predict long-time average soil loss 
due to runoff-originated soil erosion (Li et al. 2013) 
and, in some cases, applied to the analysis of 
single-rainstorm-induced soil loss. The latter is 
expressed as the weight of the sediments eroded in 
a unitary area, and it is estimated using an 
empirical equation, which takes in account the 
main factors for erosion process: rainfall erosivity 
(R), soil erodibility (K), slope-length (L, 
dimensionless), slope-steepness (S, dimensionless), 
cover and management factor (C, dimensionless) 
and support practice (P, dimensionless). The 
rainfall erosivity (R) expresses the attitude of the 
rainfall to produce soil erosion. R depends on 
several variables such as the rainfall intensity, 
cumulated rainfall and kinetic energy (Foster 1982; 
Wischmeier 1959). The erodibility factor (K) 
represents the resistance of the soil to both soil 
detachment and transport and it is generally 
related to the soil texture, aggregate stability, shear 

Figure 3 Inventory map of slope instabilities occurred 
on 25-26 October 1954 (data from Autorità di 
BacinoDestraSele 2012).  
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strength and infiltration capacity (Toy et al. 2002). 
The erodibility (K) increases as the soil 
conductivity diminishes. The latter is, in turn, 
related to the seasonal soil suction. Thus, soil 
suction can be explicitly related to the soil 
erodibility (K).The product of slope-length factor 
(L) and slope-steepness factor (S), is commonly 
called as “topographic factor” (LS), and it is related 
to the upslope contributing area (Moore and Burch 
1986). The cover factor (C) takes into account the 
preventative action of the vegetation on the erosion 
process and is dependent on cover type and 
management practices of the vegetal cover at the 
time of the rain. Finally, the P factor (P) is related 
to the protective effects of support practice such as 
terracing and contour tillage.In this paper, the 
seasonal dependence of some input factors is taken 
into account with special emphasis on soil suction 
and the input data are selected as follows. 

A DTM of the study area was obtained from a 
topographical map at 1:25,000 scale and consists 
of 218,349 cells, each 20 m × 20 m large. This 
detail for the topography was assumed adequate to 
the size of study area and to the purposes of the 
present study, based on Calvello et al. (2013). The 
rainfall erosivity (R) was evaluated in relation to 
the rainfall intensity (I) referring to the procedures 
of Wischmeier and Smith (1978) and Foster 
(2004).The rainfall intensity (I) was assumed equal 
to 31.5 or 63 mm/h, based on the above mentioned 
field data collected during the critical rainstorm of 

25-26 October1954. The erodibility factor (K) was 
estimated with reference to the initial soil 
conductivity, which depends on the seasonal soil 
suction. The latter was assumed equal to 20 or 30 
kPa, which is a typical range of values for the 
autumn season in the Campania region (Cascini et 
al. 2014). To this end, the Soil Water Characteristic 
Curves (SWCCs) reported in Cuomo and Della Sala 
(2013) were referred. Thus, the suction was 
explicitly referred for the back-analysis of the 25-
26 October 1954 event. However, the erosion 
analysis was also extended to distinct values of 
suction (10 or 40 kPa) in order to highlight the role 
which the soil suction plays towards the severity of 
the erosion scenarios. The topographic factor (LS) 
was derived from upslope contributing area, and 
computed from the DTM. The cover factor (C) was 
taken from De Falco (2011), who estimated the 
value of C in the Campania region, depending on 
the seasonal period. Finally, the protective effect of 
the support practices was disregarded in the paper 
(P assumed equal to 1) for the sake of simplicity. 
The input data and the analyzed cases are given in 
Table 1. It is worth noting that the suction was 
fixed lower or higher than 10 kPa, and different 
hypotheses were made for the rainfall intensity and 
duration, while keeping the cumulated rainfall as 
constant. 

The output of the USLE model (i.e. soil loss) 
was post-processed for any analyzed case to discuss 
the potential onset of soil erosion in the study area 

Table 1 Input data for large-area analysis of soil erosion

Case* 1 2 3 4 5 6 7 8

I (mm/h) 63 31.5 63 31.5 63 31.5 63 31.5

Duration (h) 8 16 8 16 8 16 8 16

Erosivity R(MJ mm ha-1 h-1) 9170.24 4353.61 9170.24 4353.61 9170.24 4353.61 9170.24 4353.61

Initial suction (kPa) ≥ 10** ≥ 10** 0 – 10*** 0 - 10*** 0 - 10*** 0 - 10***

Initial conductivity (mm/h) < 1 < 1 5-20 5-20 

Erodibility K (t h MJ-1 mm-1) 0.0523 0.0523 0.0457 0.0457 

LS factor SV SV SV SV 

C factor 0.014 SV 0.014 SV 

P factor 1 1 1 1 

Notes: I, Rainfall intensity; LS factor, Topographic factor (slope-length and slope-steepness factor); C factor, 
Cover factor; P factor, Practice factor; SV, Spatially Variable; *, Cumulated rainfall is 504 mm for all the cases; **, 
From medium to very high suction according to Cascini et al. (2014); ***, Low suction according to Cascini et al. 
(2014). 
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as a function of the seasonal suction. Particularly, 
an estimate of the average erosion thickness was 
derived from the computed soil loss. This was done 
assuming a soil unit weight equal to 15 kN/m3. In 
addition, a representative soil diameter (d90) was 
selected from the grain size distribution of the 
superficial ashy soil (namely, ashy soil B in Bilotta 
et al. 2005) and significant eroded thicknesses 
were fixed. As a novel proposal, the reference 
erosion thickness values were assumed equal to 5, 
25 or 50 times the d90. It entails that three 
significant classes were individuated for the 
erosion thickness: i.e. 1, 5 and 10 cm. Doing so, the 
cells (N) with different severities of erosion – from 
1 to more than 10 cm – were mapped for each 
computational case of Table 1. 

2.2  Results 

The erosion analysis of the area affected by the 
1954 rainstorm highlighted some interesting 
insights. For the discussion of the results, Figure 4 
shows the extent of the area where the computed 
erosion thickness was higher than 1, 5 or 10 cm 
(labelled as “Aeros”) normalized to the extent of the 
study area (Atot), which is 80 km2. 

Firstly, a simulated erosion thickness equal or 
higher than 1 cm had a global extent larger than 

that observed in the field, independent of the 
rainfall intensity and suction. In detail, the best 
simulation of the field evidences was obtained 
assuming: i) rainfall intensity (I) equal to 31.5 
mm/h, ii) cover land use factor (C) as a spatially-
distributed variable, and iii) soil suction (ua-uw) 
higher than 10 kPa (case 4 of Table 1). A similar 
result was also obtained lowering the suction to 0-
10 kPa and assuming a constant value for C 
throughout the study area (case 8 of Table 1). In 
both cases, the simulated erosion scenario slightly 
overestimated the in-situ evidence (Figure 4).  

In parallel, an erosion thickness higher than 5 
cm was simulated inside an area similar to that 
observed in the field for the cases 1 and 5 of Table 1. 
These latter cases correspond to a rainfall intensity 
equal to 63 mm/h and the factor C is assumed to be 
homogeneous inside the whole study area 
(C=0.014). Indeed, the area where the computed 
erosion thickness was higher than 5 cm is an 
underestimation of the field evidence (Figure 4).  

Finally, the portion of the study area where the 
simulated erosion thickness was higher than 10cm 
was much smaller than that observed (Figure 4).  

Despite the simplicity of the used model, the 
results achieved – either the overestimation of 
cases 4 and 8 or the underestimation of cases 1 and 
5 – allowed the investigation of some key features 
of the 1954 event. In fact, all over the study area, a 
good matching of the total affected area with the 
in-situ evidence was obtained while assuming: i) 
average suction as equal to about 10 kPa and ii) 
average rainfall intensity between 31.5 and 63 
mm/h. It is worth noting that both these 
assumptions are consistent with the field data (Sect. 
2.1). It entails that the average erosion thickness 
was comprised in the range from 1 to 5 cm, which 
was the output of cases 1, 4, 5 and 8. Indeed, all of 
these cases can be considered reasonable estimates 
of the erosion scenarios that occurred during the 
1954 event. 

As a validation of the computed scenarios, 
Figure 5 proposes the spatial distribution of the 
cells (each 20 m × 20 m) computed as eroded for 
the four cases mentioned before. It can be seen that 
the qualitative agreement between Figures 3 and 5 
is acceptable, provided that the scope of the paper 
is to compare the susceptibility of the study area to 
superficial erosion and landsliding. Therefore, in 
the next section landslide analysis will beerformed 

Figure 4 Comparison between the slope instabilities 
area (Atot) in the inventory map of Figure 3 and the area 
(Aeros) where simulated erosion thickness is higher than 
1, 5 or 10 cm, for the cases listed in Table 1. 
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and the scenarios of Figure 5 will be later referred 
to be further discussed. 

3    Landslide Analysis 

3.1 Methods and input 

The Landslide triggering zones were analyzed 
through the TRIGRS-unsaturated model (Savage et 
al. 2004) which implements a transient seepage 
analysis using the linearised solution of Richards’ 
equation (1931) proposed by Iverson (2000) and 
extended by Baum et al. (2008) to the case of 
impermeable bedrock located at a finite depth. The 
unsaturated soil conditions and the soil water 
characteristic curves are dealt with using Gardner’s 
model (Baum et al. 2008). For each cell of the DTM 
(which is here the same as the one used for the 
erosion analysis), the TRIGRS model computes the 
soil strength and the mobilized shear stress at 

different depths for unsaturated conditions with 
negative pore water pressures and saturated 
conditions with positive pore pressures. It is 
important to note that the depth of the initial water 
table determines both the positive and negative 
values of the initial pore water pressures. In 
particular, the initial soil suction at the ground 
surface depends on the initial water table. Then, an 
infinite slope stability analysis was carried out for 
each cell, independent of the surrounding ones, 
and the minimum factor of safety (FS) was 
computed as well as the corresponding depth of 
slip surface and pore water pressure. 

To do so, the slope angle map of Figure 1a was 
used as input. A soil thickness map at 1:25,000 
scale was used (Figure 2a, data from Autorità di 
Bacino DestraSele 2012) which distinguishes 
among five classes of soil thickness (from < 0.5m 
to > 20m). Thus, the spatial variation of soil 
thickness was taken into account while soil 
mechanical properties were assumed to be constant 

 
Figure 5 Cell-by-cell spatial distribution of eroded thickness for different cases (1, 4, 5 and 8) of Table 1. 
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throughout the soil cover. This last hypothesis is 
widely realistic for thickness < 5 m, as it is for the 
test area. It is worth mentioning that previous 
studies on similar sites (for slopes geomorphology, 
bedrock type and soil lithology) outlined the 
chance to successfully analyze over large area the 
onset of slope failures (Sorbino et al. 2007, 2010). 
This is possible, provided that the key mechanical 
properties such as the soil strength and the soil 
conductivity have been previously calibrated and 
validated for the test area (Sorbino et al. 2007, 
2010). Based on the similarities between the study 
area and another site (Pizzo d’Alvano massif, 10 km 
far away from Amalfi Coast) and considering the 
number of studies about the triggering stage of past 
shallow landslides (Cascini et al. 2008, 2010, 
among others), for this case study the mechanical 
soil properties were selected referring to Sorbino et 
al. (2010) who successfully back-analyzed the 
extent and location of triggering areas of past 
shallow landslides for the Pizzo d’Alvano massif. It 
entails that in the present paper the soil unit 
weight ( totγ )was 15 kN/m3, the friction angle (ϕ’) 
was 38°, the effective cohesion (c’) was 5 kPa and 
the soil hydraulic conductivity ranged from 6×10-6 
to 1×10-5 m/s and the saturated diffusivity was 
varied from 4.5×10-5 to 5.9×10-5 m2/s. The effects 
of vegetation on the stability conditions of the 

shallow soil deposits – e.g. water interception and 
root reinforcement – were considered negligible, as 
in Sorbino et al. (2010). The boundary conditions 
were represented by the rainfall intensity and 
duration measured on 25-26 October 1954. Due to 
the uncertainties about the time pattern of the 
measured rainfall, the accumulated rainfall amount 
(504 mm) was kept constant while the duration 
was assumed equal to 8 hours (Cascini et al. 2009) 
or 16 hours (Tessitore et al. 2011; Frosini 1955; 
Esposito et al. 2003). A constant rainfall intensity 
was assumed in both the two cases (63 or 31.5 
mm/h, respectively), which correspond to the same 
cases referred to in the erosion analysis. 

As far as the back-analysis of the October 1954 
event, two depths of the initial water table were 
considered, which correspond to a mean suction 
(along soil depth and over the whole study area) 
equal to 20 or 30 kPa, as indicated by Cascini et al. 
(2014) for September-October (period 1). The 
analyses were also extended to other cases to 
evaluate the effects of both a different soil suction 
which, in turn, affects the initial soil conductivity. 
Specifically, in a first set of cases, different depths 
of the initial water table were considered, 
corresponding to average suction equal to 10 or 40 
kPa. In a second set of cases, distinct hydraulic 
properties of pyroclastic soil deposits were 

Table 2 Input data for large-area analysis of landslides (Unit for duration: hour; Unit for suction: 
kPa; Unit for hydraulic conductivity: m/s; Unit for diffusivity: m2/s) 

Case I  Duration Suction^ Hydraulic 
Conductivity+ Diffusivity+ 

Parameters of Gardner’s 
curves RIGRS-unsaturated+ 
α (m-1) θr θs 

1 63 8 14.59 * 1×10-5 5.9×10-5 6.3 0.20 0.66 2 31.5 16 

3 63 8 16.43 * 1×10-5 5.9×10-5 6.3 0.20 0.66 
4 31.5 16 

5 63 8 20.13 ** 1×10-5 5.9×10-5 6.3 0.20 0.66 
6 31.5 16 

7 63 8 27.50 ** 1×10-5 5.9×10-5 6.3 0.20 0.66 
8 31.5 16 

9 63 8 38.58 *** 1×10-5 5.9×10-5 6.3 0.20 0.66 
10 31.5 16 

11 63 8 16.43 * 6×10-6 4.5×10-5 8 0.25 0.53 
12 31.5 16 

13 63 8 16.43 * 8×10-6 5.6×10-5 7 0.20 0.60 
14 31.5 16 

Notes: I, Rainfall intensity (mm/h); θr, Residual water content; θs, Saturated water content; ^, Initial suction at 
the ground surface; *, Medium suction; **, High suction; ***, Very high suction according to Cascini et al. (2014); 
+, Data from Sorbino et al. (2010). 
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assumed, once again derived from Sorbino et al. 
(2010). The list of the most significant cases and 
input data are reported in Table 2. In all the cases, 
the rainfall intensity was lower than the saturated 
soil conductivity and the TRIGRS model assumed 
that the runoff was not generated at any cell of the 
DTM. This entails that each cell of DTM was 
computed as fully independent from the 
surrounding cells as either for the water supply 
from ground surface of the computation of the local 
factor of safety. 

The calibration and validation of the TRIGRS 
model was twofold and concerned the capability of 
the model to reproduce: i) stable conditions for 
slopes before rainfall in the whole test area and ii) 
the location and the extent of slope instabilities 
that occurred in 1954 in the study area. 

The results achieved for each case are herein 
discussed with reference to the number (N) of cells 
with a factor of safety (FS) ≤ 1.0. The ratio between 
the unstable simulated area (Aunst) and total extent 
of study area (Atot) was also evaluated. The global 
response of the study area to rainfall was compared 
to October 1954 field observations either for back-
analysis of this event or to assess the severity of 
future scenarios.  

3.2 Results  

The calibration of the input parameters 
allowed the TRIGRS model to accurately simulate 
the stable conditions of the hillslopes before 
rainfall. In fact, only the 2% of the cells were 
evaluated as unstable before rainfall. This result 
could be explained in relation to local 
approximations of either the DTM or the soil cover 
map as well as to the local reinforcement due to 
vegetation not included into the model. 

On the other hand, the results achieved for the 
simulation of the October 1954 event (cases 5 to 8; 
i.e. “high” suction equal to 20-30 kPa, as recorded 
in the field for the occurrence season) provided 
estimates of the extent of the unstable areas that 
were much smaller than the areas that failed 
during the event for both the selected rainfalls. A 
comparison is provided in Figure 6. 

 For suction in the "medium" range (cases 1 to 
4), and "very high" range (cases 9 and 10), the 
results furnished an underestimation of the 
triggering areas of 1954 event, with the exception of 

the cases with16 hours of rainfall. In these last 
cases, the unstable area was three times larger than 
the triggering areas of the 1954 event. The 
explanation is a combination of relative low suction 
and relative low rain intensity. A lower suction in 
the subsoil gives the soil a higher conductivity. The 
relative lower intensity means a lower loss of 
infiltrating water by run-off. These two factors are 
in favour of a rapid wetting of the soil profile and 
eventual rise of the groundwater. Thus, both 
factors contribute to slope instability.  

These results outlined that the rainfall 
intensity and duration heavily affect the stability 
conditions of the slopes when the initial suction is 
low, but these rainfall characteristics have a 
smaller effect when the initial suction is higher 
than 20 kPa. In addition, the initial conditions of 
unsaturated soils play an important role in the 
slope stability conditions; in particular, for the 
same rainfall conditions: i) when the initial suction 
is "medium", the unstable areas are greater than in 
other cases; ii) when the initial suction is "high" or 
"very high", the global simulated area of instability 
is smaller (Figure 6). With reference to the soil 
hydraulic properties, the analyses showed a minor 
role of these parameters on the stability analyses 
(cases 11 to 14) within the analyzed range.  

As far as the spatial distribution of the 
simulated unstable areas, Figure 7 shows the 

Figure 6 Comparison between the slope instabilities 
area (Atot) reported in the inventory map of Figure 3 and 
the area (Aunst) where simulated factor of safety is lower 
than 1.0 and, for the cases listed in Table 2. 
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simulation labeled as 1, 2, 5 and 6 in Figure 6 and 
Table 2. The limited agreement between the field 
evidence (Figure 3) and the simulated unstable 
areas (Figure 7) motivate the discussion of the 
results – obtained for different types of slope 
instability such as superficial soil erosion and 
landslides – which is developed in the following 
section. 

4    Discussion  

The erosion and landslide analyses were 
performed separately but they were both 
quantitative spatial-distributed analyses. Thus, in 
principle, the results achieved for any cell of the 
DTM can be integrated. In the paper, a simplified 
choice was made, i.e. to assume some threshold 
values for both types of analyses, then labeling any 
cell of the DTM as “eroded”, “failed” or “susceptible 
to both erosion and landslide”. A cell was 
considered “eroded” when the computed eroded 
soil thickness was higher than 5cm; a cell was 
computed as “failed” when the Factor of Safety (FS) 
was lower or equal to 1.0; when both the above 

conditions are satisfied, the cell was labelled as 
“susceptible to both erosion and landslide”. This 
procedure implicitly assumed that the quality (or, 
equivalently, the uncertainty) of both the analyses 
was comparable. 

The main results of the analyses showed that 
the study area may be affected by shallow 
landslides and soil erosion in different periods of 
the year depending on: i) rainfall characteristics, ii) 
soil suction and iii) soil cover. Figure 8 shows the 
results of a susceptibility analysis performed on the 
basis of the results of case 1 of Table 1 (for erosion) 
and cases 5 and 1 of Table 2 (for landslides). 
Particularly, a sub-basin was defined as 
“susceptible to erosion” where ≥ 13 cells are 
computed as eroded more than 5 cm, which 
corresponds to a mobilized volume of≥ 260 m3. In 
addition, a sub-basin was labeled “susceptible to 
landslide” where ≥ 13 cells are computed with a 
Factor of Safety (FS) ≤ 1.0, which correspond to 
5200 m3 for a slip surface 1.0 m deep. Of course, 
depending on the simulation case, sub-basins were 
found as either susceptible either to erosion or to 
erosion and landslides. In the scenario of Figure 8a 
(corresponding to the limit between “medium” and 
“high” suction (20 kPa), only a few sub-basins were 

 
Figure 7 Cell-by-cell spatial distribution of factor of safety for different cases (1, 2, 5 and 6) of Table 2. 
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prone to landslides; while, lowering the suction to 
15 kPa (Figure 8b), most of sub-basins were prone 
to both erosion and landslides. 

Based on these results, it seems that the study 
area is more susceptible to soil erosion processes in 
the autumn season. The amount of the eroded 
material depends on the rainfall characteristics, 
soil erodibility and soil cover. When an 
extraordinary rainfall event occurs in Autumn, as 
happened on 25-26 October 1954, the eroded area 
and the mobilized material increase, causing a 
sudden increase of the sediment discharge at the 
outlet of the basins. The analyses also showed that 
the occurrence of shallow landslides depends on 
soil suction that assumes different values during 
the year. In particular, the study area is more 
susceptible to the triggering of shallow landslides 
when the soil suction is lower than 20 kPa (in 
Winter and in Spring). 

In addition, for a past event, the simulated 
source areas of shallow landslides were fewer than 
those areas recorded during the event and the total 
soil volume mobilized during the event was found 
not to be exclusively related to the landslide 
occurrence. On the other hand, the zones with a 
simulated erosion thickness greater than 5 cm were 
comparable to the areas recorded in the field, 
where the rainfall intensity was assumed to be very 
high and soil cover characteristics assumed as 
spatially variable. 

5    Conclusions 

The paper dealt with a case study of 
unsaturated shallow deposits of loose pyroclastic 
(air-fall) volcanic soils of Southern Italy, repeatedly 
affected by erosion and landslides in special 
seasons. Two separate quantitative spatially 
distributed analyses – for erosion and landsliding 
– were performed, the results of which were later 
integrated at any cell of the DTM. In each analysis, 
the role of soil suction which relates to the 
meteorological seasons was explicitly taken into 
account. 

The results of the paper were consistent with 
the literature. In particular, for a past catastrophic 
event in the study area, the simulated source areas 
of the shallow landslides were smaller than those 
observed in the field while the simulated eroded 
areas with thickness greater than 5 cm were 
comparable with the in-situ evidence, when the 
analysis took into account a high rainfall intensity 
and a spatially-variable soil cover use. More 
generally, a methodological contribution was 
provided about the analysis of different slope 
instability phenomena over a large area. The main 
added value to the literature was that the paper 
showed how the combination of large-area analysis 
may help understanding the dominant slope 
instability mechanisms.  

 

Figure 8 Superposition of erosion and landslides analyses (a sub-basin is defined “susceptible to erosion” whether 
≥ 13 cells are eroded ≥ 5 cm or “susceptible to landslide” whether ≥ 13 cells have FS≤1.0. a) superposition of case 1 of 
Table 1 and case 5 of Table 2 (suction about 20 kPa). b) superposition of case 1 of Table 1 and case 1 of Table 2 
(suction about 15 kPa). 
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